, and p22 phox mRNA expression was assessed in colonic epithelial cells and blood neutrophils by reverse transcriptasepolymerase chain reaction. Results: Production rates of O 2 − were higher in subconfluent transformed cells (mean (SEM) 35.8 (4.2) nmol/mg of protein/h) and primary cells (40.4 (5.9)) than in confluent transformed cells (6.0 (0.9); p<0.01). The oxidoreductase inhibitor diphenylene iodonium significantly inhibited O 2 − production whereas NADPH and NADH increased production rates. In contrast, O 2 − was unaffected by phorbol myristate ester, N G -nitro-L-arginine methyl ester, indomethacin, or allopurinol. Nox1 mRNA was expressed in all colonic epithelial cells whereas gp91 phox was detected only in HT-29 cells and neutrophils. p22
phox was expressed in all cell types. ), a key antimicrobial process in phagocytes, has not been demonstrated in human colonic epithelial cells. As nitrotyrosine, the reaction product of O 2 − with nitric oxide (NO), is abundant in the inflamed epithelium from patients with ulcerative colitis, the colonic epithelial cells themselves may have the ability to produce O 2 − . 1 2 In phagocytes, O 2 − is generated by a membrane bound enzyme complex, reduced nicotinamide dinucleotide phosphate (NADPH) oxidase, which consists of a transmembrane electron transporting component, the cytochrome b558 heterodimer, comprising a catalytic subunit, gp91 phox (phoxphagocytic oxidase), and p22 phox . 3 On stimulation, a combination of cytosolic subunits translocates to the membrane and subsequently the oxidase complex reduces extracellular oxygen to O 2 − by use of an electron from intracellular NADPH. Stimulators of phagocyte NADPH oxidase include phorbol myristate ester (PMA) which acts promptly via activation of protein kinase C. 4 
O 2
− is also produced by non-phagocytic cells, such as endothelial cells, 5 vascular smooth muscle cells, 5 and fibroblasts, 6 and has been suggested to act as a regulator of genes involved in proliferation, apoptosis, and inflammation. 7 In non-phagocytic cells, NADPH as well as reduced nicotinamide dinucleotide (NADH) may serve as a substrate for the oxidase, which is subsequently termed NAD(P)H oxidase, where appropriate. Several alternative catalytic subunits of NAD(P)H oxidase, Nox1-5, have been described, 8 some of which appear to be tissue specific. Thus, Nox1 was abundantly expressed in the colon but less in vascular smooth muscle cells. 9 10 Nox1 mRNA was detected in colonic mucosal biopsies and in the colonic epithelial cell line Caco-2 but was absent in leucocytes. 9 Other sources of O 2 − exist, such as NO synthases (NOS), xanthine oxidase, cyclooxygenase (COX), and mitochondrial electron transport chain enzymes, which play a quantitatively minor role in the production of O 2 − .
− production has not been observed in the human colon but cultures of crypt epithelium from rat colon produce O 2 − under basal conditions. 12 Also, cultured gastric pit cells from guinea pigs generate O 2 − which was unaffected by PMA, suggesting another source of O 2 − than gp91 phox .
11
In the present study, we have measured O 2 − production and expression of the NAD(P)H oxidase subunits Nox1, gp91 phox , and p22 phox in cultures of transformed colonic epithelial cell lines and primary epithelial cells from the normal human colon. media were from Gibco (Gaithersburg, Maryland, USA − was undetectable in preliminary experiments with cells cultured in 2.5 ml of DMEM in the presence of the above additives containing either 5.5 or 25 mM glucose for 24 hours (no change of media).
14 Therefore, cell lines were cultured in 2.5 ml of DMEM with the above additives containing glucose 5.5 mM, which was changed every eight hours. To enable culture in higher volumes, cells were seeded in Pico glass vials (Packard, Groningen, Netherlands) and cultured for 24 hours in 8 ml of DMEM with the above additives containing glucose 5.5 mM, which was changed every eight hours. To assess the role of butyrate, cell lines were cultured for 24 hours in 2.5 ml of DMEM with the above additives containing glucose 5.5 mM and butyrate 5 mM with or without change of media.
For differentiated monolayers, culture of Caco-2 cells was continued for a total of 14 days, during which DMEM with the above additives containing glucose 5.5 mM was changed every second day. During the last 24 hours prior to the study, media were changed every eight hours.
Cell metabolism was estimated by measuring glucose, L-lactate, and pH in the media by an autoanalyser (ABL-625, Radiometer, Copenhagen, Denmark), and mitochondrial enzymatic function was assessed by the dimethylthiazol diphenyltetrazolium bromide (MTT) assay. 15 Primary colonic epithelial cells from subjects with an uninflamed bowel
Participants
Permission for the study was obtained from the regional ethics committee and all participants gave informed written consent.
Healthy non-smoking subjects, who were free of medications for at least one month, were recruited among hospital staff. Patients referred to endoscopy for symptoms of irritable bowel syndrome or haematochezia to exclude colorectal cancer were included if they had a normal colonoscopy and uninflamed mucosa at histopathological examination.
Endoscopy
In healthy subjects, sigmoidoscopy was performed without prior bowel preparation and eight biopsy specimens were taken from the sigmoid colon and placed in 10 ml of ice cold Krebs-Ringer buffer for immediate isolation of the epithelium. In patients, routine colonoscopy was performed after bowel preparation with an oral polyethylene glycol (The Pharmacy, Bispebjerg Hospital, Denmark) 3000 solution (96 g dissolved in 1.5 litre of tap water) the night before. Eight biopsy specimens were taken from the transverse colon as described above. Additional biopsies were sampled for histopathological evaluation and, if abnormal, the subject was excluded.
Isolation and culture of primary colonic epithelial cells
The isolation procedure has been assessed previously. 15 In brief, biopsy specimens were incubated with 1 mM of EDTA/EGTA for 10 minutes followed by mechanical separation, coarse filtering, and washing. Prior to the study, cells were suspended in Krebs-Ringer buffer, pH 7.4, transferred to Eppendorf tubes, and incubated for one hour at 37°C.
Isolation of neutrophils from peripheral blood Neutrophils were isolated from peripheral blood of healthy subjects for mRNA extraction. 16 In brief, blood was sampled in EDTA containing vials and subjected to sequential Dextran sedimentation (Lymphoprep; Nycomed, Oslo, Norway) and gradient centrifugation. Contaminating erythrocytes were lysed using hypotonic saline, and normal osmolality was restored by the addition of hypertonic saline followed by centrifugation at 2000 g for 10 minutes at 4°C.
Superoxide detection
Superoxide dismutase inhibitable cytochrome c reduction assay
− production was measured by incubation of cells in duplicate with 1 mg/ml cytochrome c from horse heart in Krebs-Ringer buffer, pH 7.4, with or without superoxide dismutase (SOD) 200 U/ml from bovine erythrocytes, and incubated for one hour at 37°C. 17 The reaction was stopped by removal of the media from the wells (transformed cells) or by centrifugation at 5000 g at 4°C for five minutes (primary cells), and absorbance of the supernatants was read at 550 nm against distilled water on a spectrophotometer (Shimadzu UV A160, Kyoto, Japan). The difference in absorbance between supernatants of comparable cells incubated with or without SOD was converted to equivalent O 2 − production using the molar extinction coefficient for cytochrome c (21×10 3 /mol/ cm). The detection limit, expressed as mean production of O 2 − from heat inactivated HT-29 cells+2 SD (n=10), was 0.25 nmol/mg of protein/h and day to day interassay variation, expressed as the coefficient of variation of basal values from 10 5 HT-29 cells (n=10), was 15%. For pharmacological studies, transformed or primary colonic epithelial cells were incubated with cytochrome c as described above, with or without potential modulators of NAD(P)H oxidase activity: diphenylene iodonium (DPI) 10 µM, NADPH or NADH 10 µM, 100 µM or 1 mM, or PMA 0.05, 0.5, or 5 µg/ml. In additional experiments, transformed cells were incubated with or without potential inhibitors of other O 2 − generating enzymes: N G -nitro-Larginine methyl ester (L-NAME), indomethacin, or allopurinol 10 µM, 100 µM, or 1 mM. HT-29 cells, which were heat inactivated or cultured for 24 hours without change of media or supplementation of butyrate, served as negative controls.
Luminol enhanced luminescence assay
To study the kinetics of extracellular O 2 − production, suspended epithelial cells were incubated in triplicate with luminol 500 µM in Krebs-Ringer buffer, pH 7.4, at 37°C, and luminescence was measured at fixed time points using a luminometer (FB12; Berthold Detection Systems, Pforzheim, 
Expression analysis

RT-PCR analysis
Total RNA was extracted from freshly isolated epithelial cells or blood neutrophils by use of TRIzol (Gibco) and cDNA was generated using the First-Strand cDNA Synthesis Kit (Amersham Bioscience). PCR was performed using AmpliTaq Gold (Applied Biosystems, Foster City, California, USA) and cycles of 35 seconds of denaturation at 94°C, 35 seconds of annealing at 58°C, and 30 seconds of extension at 72°C, all performed in a Mastercycler Gradient (Eppendorf, Hamburg, Germany). The number of cycles for each product is given in the legend to fig 4. After amplification, PCR products were separated on 2% agarose gels containing 1 µg/µl ethidium bromide and visualised by UV light (Image Master, Amersham Bioscience).
For control of primer specificity, restriction enzyme analysis was performed using enzymes identified by use of the pDraw32 software (shareware, http://home.get2net.dk/ acaclone). The PCR products for Nox1, gp91 phox , and p22 phox were incubated with the relevant enzymes (Apo-1, Sau-96-1, and Mnl-1, respectively; New England Biolabs, Beverly, Massachusetts, USA) for one hour, as instructed by the manufacturer, loaded onto 3% agarose gels, and analysed as above.
Statistical analysis
Results are expressed as means (SEM). The normality assumption for this model was tested with KomolgorovSmirnov statistics and Levine statistics were used to test for equal variance. Data were analysed by t test for paired or unpaired variables, where appropriate. 18 Values of p<0.05 (two tailed) were considered significant.
RESULTS
Metabolism of colonic epithelial cell lines
Concentrations of glucose and lactate, and the pH of the media varied depending on the concentration of cells, the initial concentration of glucose in the media, addition of butyrate, and the frequency of changing the media during culture ( cells and unchanged media reduced the decrease in glucose and lactic acidosis. The combination of changing media and supplementing butyrate caused an increase in glucose and aggravation of lactic acidosis (see table 1) . MTT values were unaffected by incubation with cytochrome c 1 mg/ml for one hour (per cent of basal values, mean (SEM), n=3 for all experiments: 103% (4)), DPI 10 µM (96% (3)), NADPH 10 µM, 100 µM, and 1 mM (97% (4), 107% (3), and 98% (6), respectively) or NADH (96% (2), 95% (2), and 103% (7)), PMA 0.05 µg/ml, 0.5 µg/ml, and 5 µg/ml (112% (5), 102% (4), and 107% (4)) and L-NAME 10 µM, 100 µM, and 1 mM (105% (3), 103% (1), and 100% (3)), indomethacin (112% (5), 102% (2), and 106% (5)), or allopurinol (104% (5), 103% (4), and 115% (5)).
Superoxide production in transformed and primary colonic epithelial cells
Transformed colonic epithelial cells
In heat inactivated cells and in cells cultured for 24 hours without change of media or supplementation of butyrate, O 2 − was undetectable regardless of the method of detection or stimulation (NADPH, NADH, or PMA).
If the media were changed every eight hours or supplemented with butyrate, the transformed cell lines generated extracellular O 2 − under basal conditions. The rate of O 2 − production was sixfold higher in subconfluent cells than in undifferentiated or differentiated confluent cells (p<0.001; fig  1A) but unaffected by differentiation of confluent Caco-2 cells (see fig 1A) . Rates of production were also unaffected by grade of subconfluence (5%, 15%, and 50% confluence, data not shown) or by culture in a high volume (8 ml v 2.5 ml) of medium (data not shown).
Primary colonic epithelial cells
Cultures of primary colonic epithelial cells from five healthy subjects and 16 patients with an uninflamed colonic mucosa were studied by the cytochrome c reduction assay. In addition, cells from three patients with an uninflamed bowel and three healthy subjects were analysed by luminescence. Extracellular O 2 − was generated under basal conditions, as detected by the cytochrome c reduction assay or luminescence (figs 1B, 2). There were no statistically significant differences in production rates between cells from healthy subjects and patients with uninflamed bowel (fig 1B) . Using a luminescence technique, constant basal production of O 2 − was observed (fig 2) .
Pharmacological intervention
In transformed cell lines, similar responses to intervention were observed and there were only minor differences between responses observed in subconfluent and confluent cells. In subconfluent cells, the oxidoreductase inhibitor DPI reduced O 2 − generation by 50% (p=0.02) whereas NADPH and NADH caused a dose dependent increase in production rates (see fig  3A) . In contrast, O 2 − generation was unaffected by activation of protein kinase C with PMA and inhibition of NOS with L-NAME, COX, with indomethacin or xanthine oxidase with allopurinol ( fig 3A, C) . In undifferentiated and differentiated confluent cells, DPI reduced O 2 − generation by 25% (p=0.05) while NADPH and NADH dose dependently enhanced production rates, which were increased fivefold (p<0.01) at a concentration of 1 mM. Also, in these cells, O 2 − generation was unaffected by PMA, L-NAME, indomethacin, or allopurinol (data not shown). Figure 2 Kinetics of superoxide production in cultures of primary colonic epithelial cells from normal human colon and effect of extracellular reduced nicotinamide dinucleotide phosphate (NADPH). O 2 − production was measured at fixed time points by superoxide dismutase (SOD) inhibitable luminol enhanced luminescence and expressed as relative light units per mg of protein per 10 seconds (see methods). After 60 minutes, NADPH 1 mM was added to the culture media. Mean (SEM) values for cells from six subjects, three patients with an uninflamed bowel and three healthy controls, are given. *p=0.02 compared with 60 minute values (paired t test). fig 3B) . Addition of NADPH caused a threefold increase in O 2 − production, as detected by the cytochrome c reduction assay (p=0.02; fig 3B) or luminescence (p=0.01; see 60 v 65 minutes, fig 2) which was observed within seconds ( fig 2) . In contrast, the formation of O 2 − was unaffected by PMA ( fig 3B) .
Expression analysis
Nox1 and p22 phox mRNA was detected in all cultures of transformed cell lines and primary colonic epithelial cells whereas gp91 phox mRNA was detected only in HT-29 cells (fig 4) . In contrast, Nox1 mRNA was undetectable in isolated peripheral neutrophils which expressed mRNA for gp91 phox and p22 phox ( fig 4) . After incubation of the PCR products with appropriate restriction enzymes, two smaller fragments of predicted sizes confirmed primer specificity (data not shown).
DISCUSSION
The results of the present study demonstrate that cultures of transformed colonic epithelial cells and primary colonic epithelial cells from the normal human colon produce extracellular O 2 − , which is attenuated by an oxidoreductase inhibitor. Expression of Nox1 and p22 phox suggests that these subunits form part of the oxidase that utilises NADPH/NADH for generation of O 2 − . The dinucleotides cannot permeate cell membranes freely so the prompt increase in O 2 − production suggests that the oxidase is localised to the outer cell membrane. On the other hand, NOS, COX, or xanthine oxidase are unlikely to contribute to production of O 2 − from colonic epithelial cells as the rate of synthesis was unaffected by inhibitors of these enzymes.
Non-epithelial cells are unlikely to contribute significantly to the release of O 2 − observed in cultures of primary epithelial cells as the purity of cultures used is reported to be >95%. − production contributed to bile acid induced cell proliferation. 12 Moreover, fibroblasts transfected with Nox1 showed increased growth rates but reduced growth if transfected with Nox1 antisense mRNA. 9 Clearly, further studies are needed to define the role of O 2 − and Nox1 in colonic epithelial cell proliferation.
In the gut, extracellular production of O 2 − by epithelial cells may contribute to barrier function. This notion is strengthened by the observation that colitis/enteritis occurs frequently in patients with chronic granulomatous disease who are genetically defective in one of the NAD(P)H oxidase subunits. 19 Furthermore, antibacterial activity of Caco-2 cells was reversed by SOD but not by catalase or L-NAME, 20 suggesting that O 2 − from colonic epithelial cells may participate in host defence.
O 2 − production may also contribute to oxidative stress as may be the case in ulcerative colitis. 21 In contrast, antioxidant systems, such as SOD, catalase, and glutathione, which are expressed in colonic epithelial cells, may be depleted during severe inflammation. 22 If epithelial concentrations of O 2 − are increased, damage to cell membranes and organelles may occur directly or through hydrogen peroxide or the hydroxyl radical. Furthermore, the reaction of O 2 − with NO may result in the formation of reactive nitrogen species, such as peroxynitrite, as suggested by the presence of nitrotyrosine in the inflamed epithelium from patients with ulcerative colitis. 1 2 In conclusion, cultures of transformed colonic epithelial cell lines and primary epithelial cells from the normal human colon release extracellular O 2 − through an NAD(P)H oxidase and express the NAD(P)H oxidase subunits Nox1 and p22 phox . Therefore, O 2 − production may contribute to maintenance of normal colonic barrier. phox , and p22 phox mRNA in transformed colonic epithelial cell lines, primary colonic epithelial cells, and peripheral neutrophils from healthy subjects. Extracted RNA was subjected to reverse transcriptase-polymerase chain reaction using 30 (Nox1 and p22 phox ) or 37 (gp91 phox ) cycles of amplification (see methods). The products were separated on 2% agarose gels and visualised by ethidium bromide. 
